Increased volume was associated with worse functional status at baseline and 3 months. Overall, 162 recurrent strokes occurred during an average of 3.4 years of follow-up with no difference in recurrent ischemic stroke rate by shape or volume. Conclusions-In patients with recent lacunar stroke, vascular risk factor profile was similar among the different infarct shapes and sizes. Infarct size correlated with worse short-term functional outcome. Neither shape nor volume was predictive of stroke recurrence. Clinical Trial Registration-URL: http://www.clinicaltrials.gov. Unique identifier: NCT00059306. (Stroke. 2014;45:2952-2958.) on behalf of the SPS3 Investigators
T he volume of acute ischemic infarcts has been shown to correlate with stroke severity and functional outcomes in all subtypes of ischemic stroke. 1, 2 In patients with lacunar stroke, infarct size in conjunction with infarct location has been proposed to distinguish this subtype from other forms of subcortical ischemic stroke. 3 Most lacunar infarcts are caused by occlusion of the penetrating small vessels and classically have a maximum diameter <15 mm in the chronic phase. 4 Infarct size is typically reported only by maximum lesion diameter on axial imaging, which may inadequately characterize actual volume. Moreover, lesion shape may be an indicator of mechanism. [5] [6] [7] Recent 3-dimensional (3D) volumetric imaging analyses of chronic lacunar infarcts show that a significant proportion of these lesions does not have spheroid-ovoid morphology and may have more complex shapes. 8 Previous imaging studies have suggested that both lacunar infarct volume and shape may be predictive of early neurological deterioration in this population. 9, 10 The relationship between lacunar infarct shape and volume with functional outcome has not been confirmed in a large-scale study of recent lacunar stroke patients, and the predictive value of infarct shape and volume for recurrent ischemic events is unknown. We studied the relationships between infarct shape and volume with vascular risk factors, functional outcome, and recurrent stroke in patients enrolled in the Secondary Prevention of Small Subcortical Strokes (SPS3) trial, a well-defined cohort in which cardioembolic and carotid stroke causes were excluded. 11 We sought to determine whether a small acute subcortical infarct associated with a clinical lacunar syndrome could still have different patterns Background and Purpose-Infarct size and location are thought to correlate with different mechanisms of lacunar infarcts.
We examined the relationship between the size and shape of lacunar infarcts and vascular risk factors and outcomes. Methods-We studied 1679 participants in the Secondary Prevention of Small Subcortical Stroke trial with a lacunar infarct visualized on diffusion-weighted imaging. Infarct volume was measured planimetrically, and shape was classified based on visual analysis after 3-dimensional reconstruction of axial MRI slices. Results-Infarct shape was ovoid/spheroid in 63%, slab in 12%, stick in 7%, and multicomponent in 17%. Median infarct volume was smallest in ovoid/spheroid relative to other shapes: 0.46, 0.65, 0.54, and 0.90 mL, respectively (P<0.001).
Distributions of vascular risk factors were similar across the 4 groups except that patients in the ovoid/spheroid and stick groups were more often diabetic and those with multicomponent had significantly higher blood pressure at study entry. Intracranial stenosis did not differ among groups (P=0.2). Infarct volume was not associated with vascular risk factors.
of vascular risk factors based on shape and volume and the relationship of shape and volume with functional outcome and stroke recurrence. We also examined whether the volume of infarcts differed by shape and how actual volume compared if we assumed all lacunar infarcts had a spherical/ovoid shape.
Methods
Rationale, design, patient characteristics, and results of the SPS3 trial have been previously published. [12] [13] [14] [15] Briefly, SPS3 was a randomized, multicenter clinical trial conducted at 81 clinical centers in North America, Latin America, and Spain. In a 2×2 factorial design, patients with recent (<180 days) lacunar stroke and without surgically amenable ipsilateral carotid artery disease or major-risk cardioembolic sources such as atrial fibrillation were randomized to 2 interventions: to single versus dual antiplatelet treatment and to 1 of 2 target levels of systolic blood pressure control. Participants with a lacunar syndrome were required to meet MRI criteria to be eligible and to have no evidence of recent or remote cortical infarct, large (>15 mm) subcortical infarct, or prior intracerebral hemorrhage. The presence of microbleeds was not an exclusion. The MRI also had to demonstrate an infarct corresponding to the clinical syndrome by at least 1 of the following 4 specific imaging criteria: (1) diffusion-weighted imaging (DWI) lesion <20 mm at largest dimension (including rostrocaudal extent); (2) well-delineated focal hyperintensity <20 mm at largest dimension (including rostrocaudal extent) on fluid-attenuated inversion recovery or T2 and clearly corresponding to the clinical syndrome; (3) multiple hypointense lesions of size 3 to 15 mm at largest dimension (including rostrocaudal extent) only in the cerebral hemispheres on fluid-attenuated inversion recovery or T1 in patients whose qualifying event is clinically hemispheric; (4) well-defined hypointense lesions on fluid-attenuated inversion recovery and T1 measuring ≥3 mm, but no >15 mm in maximum dimension. Eligibility was determined locally with MRI scans subsequently submitted for central interpretation by a neuroradiologist (C.B.). Here we consider the 2246 of 3020 patients with an acute subcortical infarct evident on DWI by central interpretation. Small, old subcortical (lacunar) infarcts had similar appearance as in criterion 4 but did not correspond to the qualifying clinical syndrome. 16 The burden of white matter hyperintensities on MRI was evaluated centrally using the age-related white matter changes scale (range 0-16). A priori, scores of 0 to 4 were defined as absent-mild disease, 5 to 8 moderate, and >8 severe. 17 Maximum dimension of the lesion was defined as the greatest of the right-to-left, anterior-to-posterior, and superior-to-inferior dimensions as measured by the neuroradiologist. The superior-to-inferior dimension was computed by multiplying the number of axial sections (minus 1/2 section) on which the lesion appeared by the sum of the slice and skip thicknesses.
Planimetric DWI lesion volume measurement was performed using Quantomo software. 18 DWI lesion borders were defined using a semiautomated threshold intensity technique. The shape of the qualifying lacunar infarct was analyzed using a 3D viewing tool from OsiriX V4.1.1 (32-bit) imaging software. The b1000 DWI images were selected to create a 3D image of the acute S3 lesion using the 3D surfacerendering program in OsiriX. The surface pixel value was manually adjusted by the examiner to select only areas with DWI positivity. One of 2 examiners (N.A. or M.N.) classified each lesion shape into 1 of 4 categories based on visual analysis: ovoid/spheroid, slab, stick, or multicomponent. 19 A priori, a spheroid/ovoid lesion was defined as a geometric shape created by rotation of an ellipse on or about its axes, slab as a 3D cube with 1 short dimension and 2 long ones, stick as a 3D cube with 1 long dimension and 2 short dimensions, and multicomponent as 1 not conforming to any of the above geometric shapes. Volume measurements were performed by the same 2 examiners. Inter-rater reliabilities for volume measurement and shape classification on a random sample of 45 images were very good (Pearson correlation coefficient r=0.97 for volume; κ=0.73; 84% agreement for shape classification).
Patient characteristics were described using means with SD (or medians with interquartile range [IQR]) and compared across groups using ANOVA (or Kruskal-Wallis ANOVA) for continuous variables, and using proportions compared across groups with χ 2 tests (or Fisher exact test if expected <5) for categorical variables. Intracranial stenosis was defined as the presence of atherosclerotic disease in the relevant parent artery of ≥50% based on available intracranial imagining. The relationship between the maximum dimension and volume of the acute infarct was explored by fitting various curve functions (eg, linear, quadratic, power, growth), checking model assumptions, and then identifying the best fit as determined by highest adjusted r 2 . Multivariable logistic regression and Cox proportional hazards models were used to assess independent contributions of infarct shape and volume for predicting disability at 3 months and recurrent ischemic stroke during follow-up, respectively. Statistical significance was accepted at 0.05 levels, and no adjustment was made for multiple comparisons. All confidence intervals are 2-sided. Analyses were done using SPSS Statistics for Windows, version 20 (Armonk, NY).
Results
Of the 2246 patients enrolled in SPS3 with an acute subcortical infarct evident on DWI, 1679 were included in the current study. A total of 567 (25%) were excluded as their images could not be processed by the measurement software (images were saved on microfilm, not transferrable, or not analyzable by Quantomo software). Mean (SD) age of patients included was 62 years (11) with 76% having a history of hypertension, 38% diabetes mellitus, 53% dyslipidemia, and 12% ischemic heart disease. The median (IQR) time from the stroke onset to MRI acquisition was 2 (4) days. SPS3 participants excluded from these analysis were similar to those included but with lesser hyperlipidemia ( Table I in the online-only Data Supplement).
Infarct shape was ovoid/spheroid in 63%, slab in 12%, stick in 7%, and multicomponent in 17% of 1679 patients (Figures 1 and 2 ). Distributions of vascular risk factors were similar across the 4 groups except that patients in the ovoid/ spheroid and stick groups had a higher proportion of diabetes mellitus, and those with multicomponent had significantly higher blood pressure at study entry ( 
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Overall median (IQR) infarct volume observed was 0.55 (0.65) mL. Median (IQR) observed volume was 57% (59%) of that predicted assuming a spherical shape lesion with diameter of maximum dimension observed (ie, volume=4/3πr 3 ), with the median (IQR) ovoid/spheroid lesion measuring 67% (63%) of predicted volume. Median (IQR) measured volume of a slab lesion was 46% (41%), a stick lesion 37% (48%), and a multicomponent lesion 44% (39%) of predicted volume assuming a spherical shape. Just over 60% of the variability in volume was explained by the maximum dimension observed ( Figure I in the online-only Data Supplement). Infarct volume was weakly correlated with time from stroke onset to imaging with <1% of variability explained and patients with larger strokes being more likely to have images longer after their stroke than those with smaller strokes (r Spearman =0.097; P=0.001). Patients with infarct volumes ≤1 mL were older and more likely to have ischemic heart disease than those with infarct volumes >1 mL ( Table 2 ). Distributions of vascular risk factors were otherwise similar across the 3 groups of patients with different infarct volumes.
Infarct size and shape varied by location (Tables 1 and 2 ). Thalamic (74%) and pons, midbrain, medulla, and cerebellum (68%) lesions were more likely (P<0.001) to be ovoid/spheroid than anterior circulation (53%) lesions and smaller (median [IQR], 0.43 [0.5], 0.45 [0.5], and 0.74 [0.8] mL, respectively; P<0.001). Old lacunar infarcts on fluid-attenuated inversion recovery/T1 were evident in 34% of the cohort. Neither infarct shape (P=0.5) nor volume (P=0.8) correlated with the presence of old lacunar infarcts on MRI (Tables 1 and 2 ). White matter hyperintensities were absent/mild in 49%, moderate in 29%, and severe in 22% of the cohort. There was no association between infarct shape (P=0.9) or infarct volume (P=0.2) and severity of white matter hyperintensities (Tables 1 and 2) .
Clinical stroke severities as measured by modified Rankin Scale at study entry were similar for patients with different infarct shapes (Table 1) , whereas modified Rankin Scale was higher for patients with larger lesion volumes at study entry ( Table 2) . At study entry, significant functional disability (modified Rankin Scale, 2-3) was observed in 29%, 34%, and 45% of patients with infarct volumes of ≤0.5, 0.51 to 1.0, and >1.0 mL, respectively. In multivariable analysis, after adjusting for age, diabetes mellitus, and prior symptomatic lacunar stroke, infarct volume remained significantly associated with functional disability at study entry and at 3 months post-study entry ( Table 3 ). In these multivariable models, infarct volume, as compared with maximum dimension, was not more strongly associated with functional disability at randomization or at 3 months postrandomization (c statistic for infarct volume in each model was 0.62 versus 0.63 for maximum dimension in each model). After adjusting for baseline modified Rankin Scale in addition to age, diabetes mellitus, and prior lacunar stroke, neither infarct volume (P=0.9) nor maximum dimension (P=0.7) was associated with functional disability at 3 months.
During an average follow-up of 3.4 patient-years, 162 first strokes occurred (143 ischemic, 17 hemorrhagic, and 2 uncertain). Considering only the ischemic and uncertain strokes, annualized recurrent ischemic stroke rates were similar for patients with different lesion shapes, that is, 2.6%, 2.0%, 2.5%, and 2.4% per patient-year for patients with ovoid/spheroid, slab, stick and multicomponent infarct shapes, respectively (log-rank test P=0.8). Ischemic stroke recurrence rates of 2.6%, 2.8%, and 2.0% per patient-year were associated with lesion volumes of ≤0.5, 0.51 to 1.0, and >1.0 mL, respectively, not significantly different (log-rank test P=0.4). In a multivariable analyses adjusting for male sex, black race, diabetes mellitus, and prior lacunar stroke or transient ischemic attack, 20 neither infarct shape (P=0.9; 3 df) nor volume (P=0.5; 2 df) was significantly predictive of recurrent ischemic stroke.
Discussion
This study is the largest cohort to date to characterize the lesion shape and volume in patients with recent lacunar stroke confirmed by MRI. We did not find correlations between lacunar infarct shape and vascular risk factors at study entry, other than a marginal increase in the proportion with diabetes mellitus in those with ovoid/spheroid and stick-shaped infarcts. Furthermore, we did not find a correlation between infarct volume and the presence of either relevant intracranial stenosis or risk factors for large-vessel disease, such as dyslipidemia, and ischemic heart disease. In contrast, we found that patients with larger lacunar infarcts were less likely to have ischemic heart disease, but had otherwise a similar pattern of vascular risk factors. Patients with larger lacunar infarcts were more disabled relative to those with smaller infarcts (either volume or dimension), but neither infarct volume nor shape was predictive of future recurrent strokes in this population.
We postulated that small infarcts with ovoid shape would be associated with MRI markers of small-vessel disease, multiple infarcts, and severity of white matter hyperintensities. However, these associations were not demonstrated in our analysis.
Our findings are in contrast to those of multiple neuroimaging studies that suggest that different vascular mechanisms (ie, embolic, atherothrombotic) of lacunar infarcts may be reflected by differing infarct size, shape, and other neuroimaging characteristics such as the burden of old infarcts and leukoaraiosis. [21] [22] [23] In the original autopsy description of lacunar infarcts, 5 Fisher identified 2 types of vascular pathology: lipohyalinosis and microatheroma. He and others hypothesized that there could be 2 subtypes of lacunar stroke. [24] [25] [26] Previous studies concluded that lacunes because of lipohyalinosis are predominantly of ovoid/spheroid shape, smaller in size, and associated with multiplicity of infarcts and more prominent leukoaraisosis on MRI. 22 Patients in this subtype were more likely to have risk factors for lipohyalinosis as mechanism. 27 In our study, the ovoid/spheroid shape comprised >60% of all lacunar infarct shapes and were significantly smaller than lacunar infarcts of other shapes; however, except for a higher rate of diabetes mellitus in those with ovoid/spheroid and stickshape infarcts, we did not find an importantly different pattern of vascular risk factor characteristics between ovoid/spheroid and other shapes. A recent case series of 195 patients with lacunar infarcts that did not exclude patients with atrial fibrillation or ipsilateral cervical carotid stenosis came to similar conclusions. 28 Similarly, we did not find a correlation between smaller lacunar infarct size and the degree of white matter disease and presence of prior lacunar stroke on neuroimaging.
In contrast to infarcts secondary to lipohyalinosis, those because of perforating vessel microatheroma were hypothesized 
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to be larger, predominately striatocapsular in location, 29 and to be associated with progression of clinical symptoms and poor prognosis relative to those with lipohyalinosis. 30, 31 In our study, the majority of the larger infarcts (>1 mL in total volume) were located in the anterior circulation (predominantly in the corona radiata). We did not find an association between these larger lacunar infarcts and relevant intracranial stenosis. Similarly, we did not find a correlation between smaller lacunar infarct size and the degree of white matter disease and presence of prior lacunar infarcts on neuroimaging. Patients with larger infarcts had similar prognosis from the recurrent ischemic stroke perspective as those with smaller infarct size. Multiple groups have studied the relationship between acute infarct size and clinical measures of stroke outcome, including the Rankin Disability Scale. [32] [33] [34] [35] [36] Previous volumetric studies using computed tomographic scans either failed to show a positive correlation between the two 37, 38 or only a moderate association between infarct volume and disability. 33 They concluded that other factors such as infarct location might have a more important role in predicting outcome than size alone. In contrast, more recent MRI studies in nonlacunar (hemispheric) strokes identified acute DWI infarct volume as an independent predictor of functional dependence. [34] [35] [36] In lacunar stroke, the correlation between infarct size and functional outcome has been reported only in studies with a small number of patients using either MRI or computed tomographic imaging. 32, 33 The definition of lacunar stroke in these studies was based predominately on radiographic but not clinical characteristics. Our study provides the largest DWI volumetric analysis of acute lacunar stroke patients defined by both clinical and MRI criteria. We found that infarct volume predicts functional disability after adjusting for age and other known predictors of poor outcome in stroke. It did not, however, provide additional information regarding disability at 3 months after considering the baseline disability. This strong association between size and disability in symptomatic lacunes may be related to the predominantly eloquent location of these lesions. However, our data suggest that baseline disability has a stronger predictive value for 90-day disability compared with infarct volume. Interestingly, despite the heterogeneous infarct shapes across lacunar patients in our cohort, we found a strong correlation between maximum infarct dimension and infarct volume, which suggests that the maximum infarct dimension may be used as a reliable surrogate measure for volume in future studies.
We examined the relationship of shape and volume with recurrent stroke, not recurrent lacunar strokes. About two thirds of recurrent strokes were grossly classified as lacunar strokes. It is possible that shape and volume are predictive of recurrent lacunar stroke; however, because we did not have the follow-up MRI or computed tomography available for central reading/adjudication, we were unable to accurately identify the recurrent lacunar strokes.
Our study has limitations. The patients were selected from a cohort enrolled in a randomized control trial of phenotypic cerebral small-vessel stroke, so patients with other stroke mechanisms (ie, carotid stenosis, cardioembolic) were not included. It is possible that infarct size/shape may correlate with cardioembolic or carotid risk factors in an excluded subset of symptomatic small subcortical strokes. The median time from stroke onset to imaging was short; however, patients were enrolled in our study from 14 to 180 days after stroke onset and, as such, early clinical deterioration could not be studied in the present cohort. It is, therefore, possible that infarct shape or size may correlate with such an outcome. In this analysis, we included a large subgroup of the entire SPS3 cohort, that is, those whose lesions at the DWI stage of evolution could be analyzed by available software; however, we cannot discount the possibility that bias could have been introduced by excluding others. Finally, this was not a prespecified analysis.
The strengths of our study include an unprecedented sample size of well-characterized patients with a relatively homogenous stroke subtype.
In summary, lacunar infarcts visualized on DWI have heterogeneous shapes, sizes, and locations. However, despite their clinical and radiographic differences, they seem to have a similar pattern of vascular risk factors and outcomes. In a clinically and radiographically well-characterized population of patients with recent lacunar strokes, infarct size or shape does not predict recurrent ischemic stroke. 
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